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ABSTRACT

This study investigates how cognitive performance is affected by the combination of two stres-
sors that are operationally relevant for helicopter pilots: heat load and hypobaric hypoxia.
Fifteen participants were exposed to (1) no stressors, (2) heat load, (3) hypobaric hypoxia, and
(4) combined heat load and hypobaric hypoxia. Hypobaric hypoxia (13,000 ft) was achieved in a
hypobaric chamber. Heat load was induced by increasing ambient temperature to ~28°C.
Cognitive performance was measured using two multitasks, and a vigilance task. Subjective and
physiological data (oxygen saturation, heart rate, core- and skin temperature) were also col-
lected. Mainly heat load caused cognitive performance decline. This can be explained by high
subjective heat load and increased skin temperature, which takes away cognitive resources from
the tasks. Only the arithmetic subtask was sensitive to hypobaric hypoxia, whereby hypobaric
hypoxia caused a further performance decline in addition to the decline caused by heat load.
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Practitioner summary: Little is known about how multiple environmental stressors interact.
This study investigates the combined effects of heat load and hypobaric hypoxia on cognitive
performance. An additive effect of heat load and hypobaric hypoxia was found on a arithmetic
task, which may be attributed to independent underlying mechanisms.

1. Introduction the sum of the individual effects. This implies that
there is no interaction in a statistical sense as both
stressors do not influence each other's effect.

Synergistic interaction indicates a combined effect that

People are being exposed to an increasing amount of
information, continuously drawing on their cognitive
abilities. This information load specifically affects a

range of professionals who must perform their tasks in
the presence of environmental stressors, like military
pilots who may be subjected to heat, cold, noise,
and/or reduced oxygen levels. It is known that each of
these stressors alone can degrade cognitive function-
ing and information processing (Martin et al. 2019), but
little is known about the effects when one is being
exposed to multiple stressors. Lloyd and Havenith
(2016) presented a theoretical framework consisting of
three different ways of how multiple stressors may
interact: additive, synergistic, and antagonistic. With
additive interaction, the authors mean that the com-
bined effect of two individual stressors (A and B) equals

is more than the sum of A and B, while antagonistic
interaction indicates an effect that is less than the sum
of both individual effects. These types of interactions
can be further divided into subtypes, dependent on
the degree to which the combined effect becomes
more or less than the sum of A and B (Lloyd and
Havenith 2016; Alais and Burr, 2003; Burr and Alais,
2006), or whether the two stressors individually have
an effect in the same or opposite direction on perform-
ance (Piggott, Townsend, and Matthaei 2015).

Whether or not stressors share the same mechan-
ism mediating their impact on performance affects the
type of interaction (Lloyd and Havenith 2016).
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Theoretically, this implies that there is a greater possi-
bility that stressors influence each other when they
share the same physiological mechanism, resulting in
antagonistic or synergistic interaction effects. For
example, the presence of noise bursts has been shown
to reduce the negative effects of sleep deprivation on
cognitive performance, representative of an antagonis-
tic interaction (Corcoran 1962). Broadbent (1963)
explained this finding by assuming that noise bursts
and sleep deprivation share the mechanism ‘arousal’,
where noise bursts increase the level of arousal, and
sleep deprivation leads to a decrease in the level of
arousal. On the other hand, additive effects result
from two stressors with independent mechanisms that
don't affect each other.

In the current study, we investigate how cognitive
performance is affected by the combination of two
stressors that are operationally relevant for helicopter
pilots, i.e. heat load and hypobaric hypoxia. As will be
explained below, we assume that these stressors affect
cognitive performance by a shared mechanism. Heat
load occurs during military operations in warm cli-
mates. Already before takeoff, the temperature can rise
considerably in the cockpit, while the pilots may also
have to deal with solar radiation to the head and body
throughout the flight (Froom et al. 1993; Sihver et al.
2015). Hypobaric hypoxia may arise when the mission
requires the aircrew to fly at an altitude between
10,000 and 13,000 feet (3048-4000 m), without the use
of supplemental oxygen. At these altitudes, the
reduced barometric pressure causes a decrease of par-
tial pressure of oxygen (pO,) in ambient air (Muthuraju
and Pati 2014), resulting in a fall of arterial blood O,
saturation (Sa0,) and deprived oxygen supply to the
brain (Moore, Charles, and Julian 2011).

Heat load itself can degrade cognitive performance.
Different studies found cognitive performance decline
on tasks that require executive functioning (Faerevik
and Reinertsen 2003; Gaoua et al. 2011), while reaction
tasks were often unaffected (Martin et al. 2019). Heat
load activates thermoregulatory mechanisms of the
body, such as sweating and redistributing body heat
to the skin by blood flow, which aim to protect the
body against overheating and compensate for excess
heat gain. The most profound cognitive performance
decline is shown when body core temperature
increases above 38.5°C (Piil et al. 2021). However,
even without an increase in body core temperature,
the thermoregulatory mechanism itself comes at a
cost that can have consequences for cognitive per-
formance (Hancock and Vasmatzidis 2003; Martin et al.
2019). For instance, one hypothesis is that the

ERGONOMICS . 2149

increased blood flow to the skin reduces the capacity
to provide blood to the brain, thereby affecting cogni-
tive performance (Brothers et al. 2009; Wilson et al.
2006).

Hypobaric hypoxia is also known to affect cognitive
performance due to deprived oxygen supply to the
brain (Brothers et al. 2009; Martin et al. 2019; McMorris
et al. 2017; Petrassi et al. 2012). Studies found impaired
cognitive performance on decision-making tasks at alti-
tudes between 6500 and 12,000 ft (Petrassi et al. 2012),
while performance decline on reaction time tasks was
only observed at higher altitudes, e.g. between 18,000
and 25,000 (Shaw, Cabre, and Gant 2021).

Exposure to a combination of stressors and their
acute effects on cognitive performance is innovative
compared to other studies. Previous studies examining
the individual and combined effects of heat load and
hypoxia focussed on acclimatisation protocols (Gibson
et al. 2017) in relation to physical performance (Aldous
et al. 2015; Bradbury et al. 2019; Girard and Racinais
2014; Lloyd et al. 2016; Van Cutsem et al. 2015), but
rarely (<5 papers) on cognitive performance (Gibbons
et al,, 2020; Van Cutsem et al. 2015). Although via dif-
ferent physiological routes (i.e. redistribution of blood,
and reduced oxygen saturation of the blood, respect-
ively), heat load and hypobaric hypoxia share the
‘mechanism’ of reduced supply of oxygenated blood to
the brain. Because of this, we hypothesise that heat
load and hypobaric hypoxia will have a synergistic
interaction (AB > A + B). This is only expected for com-
plex tasks, as these are mainly affected at altitudes
above 13,000 ft and/or during heat load.

We induced heat load by heaters to increase air
temperature, radiant heat from an artificial sun, and
by wearing the protective clothing and helmet of air-
crew. Hypobaric hypoxia was induced in a hypobaric
chamber at a simulated altitude of 13,000 ft. Besides
examining the effects of these two stressors on cogni-
tive performance, we collected subjective and physio-
logical data to get insight into underlying
mechanisms. Core- and skin temperature were
recorded as they reflect thermoregulatory mechanisms
and experienced discomfort, while pulsed oxygen sat-
uration (SpO,) was used to reflect the hypoxic state.
Subjective thermal discomfort was collected through a
questionnaire.

2. Methods
2.1. Participants

Sixteen participants took part in this study, of whom
fifteen completed the whole study. They were
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recruited through the TNO participant pool. Exclusion
criteria were: smoking, drugs use in the last three
months, hypersensitivity to air sickness, and being at
an altitude above 6500ft in the last three months for
longer than a week. An approval for this study was
granted by an accredited medical research ethics com-
mittee (MREC Brabant, reference number: P2007). All
participants gave  written informed  consent.
Participants were aged between 22 and 35years
(mean age 25.4years) and seven of them were male.

All participants were in good health based on a
screening by an aeromedical physician. Participants
came on four separate test days. Participants were
instructed to refrain from alcoholic beverages 24h
before the test days.

2.2. Materials

2.2.1. Cognitive task performance

Aircrew is expected to be competent both in monitor-
ing skills, like monitoring the aircraft’s flight path and
systems, as well as engaging in various cognitive chal-
lenging tasks at the same time. To measure this wide
range of cognitive skills, the relevant cognitive per-
formance measures included both multi-tasking tasks
as well as simple vigilance tasks.

2.2.1.1. Multi-Attribute Task Battery (MATB-II). The
MATB-Il is a computer-based task developed by
NASA/Langley Research Centre designed to evaluate
workload and cognitive performance (Arnegard and
Comstock 1991). It provides multiple tasks that must
be performed simultaneously. The tasks include sys-
tem monitoring (monitoring gauges and warning
lights), compensatory tracking, resource management
(maintaining fuel levels in tanks by switching pumps
on and off while dealing with pre-programmed pump
failures), and Air Traffic Control communication ele-
ments. These tasks are analogous to activities per-
formed by aircrew in flight (Santiago-Espada et al.
2011). For this study a total of four different parallel
versions of a MATB-II script were programmed, each
having a duration of 10 min. Performance measures of
the system monitoring task consisted of number of
lights that were successfully turned on and off and
mean reaction time (RT). The root mean square (RMS)
tracking error is used as performance measure for the
tracking task, and the mean absolute deviation from
target fuel level for the resource management task.
Performance measures for the communication task
consisted of the percentage successful radio and fre-
quency tunings.

2.2.1.2. SYNWIN. The SYNWIN is also a computer-
based task with multiple tasks to be performed simul-
taneously (Elsmore, 1994). It has been used in studies
of human-computer interaction and sustained opera-
tions in cockpit setting (Hambrick et al. 2010), and
also in hypobaric hypoxia conditions (Beer et al. 2017).
It represents different cognitive skills required in com-
plex task situations. The SYNWIN includes four tasks: a
simple memory task, an arithmetic computation task,
a visual monitoring task, and an auditory monitoring
task. Performance measures included a SYNWIN
Composite Score and measures determining the accur-
acy, reliability, and speed of responses for each indi-
vidual cognitive task. The Composite Score represents
performance across all four tasks by including points
earned minus penalties for incorrect responses,
namely incorrect or missed identification in the mem-
ory task, incorrect calculation, allowing the fuel gauge
to expire, and auditory false alarms or misses.
Performance measures for the visual monitoring task
consisted of total earned points and lapse rate (num-
ber of time participant allowed gauge to reach zero
divided by number of sampling periods). For the audi-
tory monitoring task percentage correct is used as
performance measure. The total duration of this task
was 10 min.

2.2.1.3. Vigilance and tracking. The Vigilance and
Tracking (VigTrack) is a dual-task measuring vigilance
performance under the continuous load of a compen-
satory tracking task. The test has been used in various
studies by Valk and Simons (2009), Valk et al. (1997),
and Vrijkotte et al. (2009), and appeared to be sensi-
tive for measuring vigilance and alertness. The task
was performed on a computer screen. During the
tracking task, participants had to steer a blue dot
using a joystick, so that it is kept below a red dot in
the centre of the display. The blue dot is programmed
to move continuously from the centre of the display.
While tracking, participants had to perform the vigi-
lance task. Inside the red dot, a black square alter-
nated with a diamond, once per second. At random
intervals, a hexagon was presented, when this was the
case participants had to press an additional key on
the joystick. The duration of this test was 10 min and
performance measures included RT, root mean square
tracking error, and percentage omissions.

2.2.1.4. Psychomotor vigilance task. The psycho-
motor vigilance task (PVT) is a task that measures how
fast participants respond to a visual stimulus and is
used to assess vigilance (Basner and Dinges 2011).



Normally this task is used as a primary attention task.
In this study, it was used as a secondary attention task
in addition to the MATB-Il and SYNWIN. Participants
were instructed to monitor a second computer screen
located in their peripheral field of view, and press the
response button with their foot as soon as a red
stimulus appeared. The inter-stimulus interval, defined
as the period between the last response and the
appearance of the next stimulus, varied randomly
between 2 and 10s. Performance measure includes
RT. As participants were instructed to give priority to
the primary task, the performance measures of the
PVT can be used as an objective measure of mental
load.

2.2.2. Subjective ratings

Participants indicated their perceived thermal comfort
and temperature sensation during baseline, every
10min during the pre-heating phase (starts at
T=—-60min), and immediately after each cognitive
task (starts at T=15min) International Organization
for Standardization (ISO 2009: 10551 2001). See Figure
2 for a timeline of the protocol. Thermal discomfort
was assessed using a 5-point paper scale ranging from
comfortable (0) to uncomfortable (4). The thermal sen-
sation was assessed on a 9-point paper scale ranging
from very cold (—4) to very hot (44). Participants were
also asked to rate any possible hypoxia symptoms
(e.g. warmth, cold, nausea, tunnel vision, fatigue, etc.)
from 0 (none) to 7 (extreme) during baseline assess-
ment (T=—60) and at the beginning (T=0) and end
of the altitude phase (T=45).

2.2.3. Physiological monitoring

2.2.3.1. Oxygen saturation and heart rate. Oxygen
saturation (SpO,) and heart rate (HR) were measured
using the Nonin WristOx2® Model 3150, configured
with the 8000R Reflectance Pulse Oximetry Sensor
placed on the forehead (SpO, accuracy range of 70-
100% and pulse rate accuracy range of 40-240 beats
per minute). Data was transmitted via Bluetooth to a
computer, enabling the experimental leader to moni-
tor SpO, and HR.

SpO, is a measurement of oxygen saturation level
in the blood and declines with increasing altitudes.
This measure is both used as a manipulation check of
hypoxia as well as monitoring the well-being of the
participants. HR reflects cardiovascular responses and
is expected to increase with higher altitudes, tempera-
tures, and/or workload.
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2.2.3.2. Core temperature. The gastrointestinal tem-
perature was used as a measure of body core tem-
perature (To) with an ingestible capsule (e-Celsius
Performance, BodyCap, Caen, France, 17.7 x 8.9 mm)
(Bongers et al. 2018; Notley, Meade, and Kenny 2021).
Participants ingested the capsule with water at least
60 min before the onset of the pre-heating phase.
Participants were not allowed to drink or eat after
ingestion of the pill for the duration of the experi-
ment. T¢ is measured to estimate the magnitude of
thermal strain that is caused by the thermal stressor.
In case of an uncompensable heat load, T¢ will rise
regardless of the thermoregulatory responses.
Conversely, a compensable heat load may be concur-
rent with an increase in T yet it stabilises when
excess heat gain is compensated by thermoregulatory
heat loss mechanisms. It may even be so that a com-
pensable heat load elicits strong thermoregulatory
responses that prevent T¢ from increasing above base-
line. A model simulation with Organization For
Standardization (2004a) 1SO7933 Predicted Heat Strain
indicated that in this study a small to moderate
increase in body core temperature is expected
(between 37 and 38°C), with the prime uncertain fac-
tor being the exact insulation of the participant’s
clothing ensemble (estimated between 1.0 and
1.2 clo).

2.2.3.3. Mean skin temperature. Mean skin tempera-
ture (Tsk) was measured at four positions according to
Organization For Standardization (2004b) ISO 9886; at
the neck, scapula, left hand, and right shin. Tg is
expected to increase during the (pre-)heating phases
(1) due to reduced convective heat loss from the skin
surface as skin to air temperature gradient decreases
and (2) increased vasodilation associated heat trans-
port to skin tissue. In addition, skin temperature on
the left forearm and left fingertip were measured to
determine the forearm-fingertip gradient (Trorearm-
ringer) Which is the difference between skin tempera-
ture on the forearm and fingertip (House and Tipton
2002). When this gradient is positive, i.e. higher fore-
arm skin temperature compared to finger skin, this
indicates cutaneous vasoconstriction (Brauer 2018) and
a decreased gradient indicates a peripheral vasodila-
tion (Keramidas et al. 2013). Sensors were fixed with
Fixomull plasters, which are breathable and let
through sweat.

Mean body temperature (MBT) was estimated from
core- and mean skin temperature with a formula pro-
posed by Burton (1935): (T¢ * .64) + (Tsk * .36).
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Table 1. Mean air temperature (°C), relative humidity (%), globe temperature (°C), and Wet Bulb Globe Temperature (WBGT)
outside (°C) during the conditions and for each phase in the experiment.

Air temperature °C

Conditions Phase (dry bulb temperature) RH % Globe temperature °C WBGT outside °C

No stressors Pre-heating 19.61 56.54 19.53 17.22
Altitude 20.18 55.56 20.17 17.52

Heat load Pre-heating 37.29 25.16 39.54 28.31
Altitude 33.55 24.11 37.83 27.08

Hypobaric hypoxia Pre-heating 20.53 49.93 20.62 17.51
Altitude 19.61 38.67 19.12 15.39

Heat load and hypobaric hypoxia Pre-heating 34.95 27.48 38.01 27.36
Altitude 31.38 21.67 34.95 24.42

2.2.4. Altitude

Participants were exposed to hypobaric hypoxia (start-
ing at T=0) in a hypobaric chamber at the Centre for
Man in Aviation (CML) in Soesterberg, with a simu-
lated altitude of 13,000ft (3962 m). The air pressure
was reduced in such a way that we ascend to an alti-
tude of 1000ft per minute. This altitude was chosen
as helicopter aircrew are allowed to fly at this altitude
for a maximum of 30min. This chamber is normally
used to simulate the effects of hypoxia at high alti-
tudes for training pilots and aeromedical research.

2.2.5. Thermal environment
Heat load was induced by radiant heat from an artifi-
cial sun (infrared halogen lamp, 13195X/98, 1000W,
235V REFL UNP) and by wearing a Nomex flight suit,
vests, and helmet. The air temperature was increased
using one electro heater of 400V-9 kW. After the first
60 min in the pre-heating phase, only the heat lamps
provided the heat source (starting at T=0, ‘Altitude’).
Participants were not acclimatised to heat before the
test days. Acclimatisation to heat load results in vari-
ous changes in physiological responses to cope with
warm climates (e.g. Périard, Racinais, and Sawka 2015).
Table 1 shows the imposed air temperature, relative
humidity, and globe temperature for each condition.
The Wet Bulb Globe Temperature (WBGT) outside
increased with heat load conditions to ~28°C. The
temperature for the heat load + hypobaric hypoxia
condition decreased during the altitude phase from
27.36 to 24.42°C and for the hypobaric hypoxia condi-
tion from 17.51 to 15.39°C. This was due to lower
pressure (thin air) at altitude compared to sea level.

2.3. Design

The design was a 2 x 2 within-subjects design: heat
load (absent, present) x hypobaric hypoxia (absent, pre-
sent). Participants were exposed to four conditions in a
counterbalanced order. For an overview, see Figure 1.
The exposure to a single condition took 105 min, where

the first 60 min simulated the ‘flight preparation/ground
procedures part’ (with potential heat load stimuli, from
T=—60 to T=0) and the next 45 min the ‘actual flight’
(with potential altitude stimuli, starts at T=0).

2.3.1. Data analysis

Unfiltered HR and SpO, signals of the Nonin Pulse
Oximetry Sensor were processed in MATLAB (The
MathWorks, Inc., Natick, MA, USA) for all phases of the
experiment. Values 255 and 127 were removed as
these are error values. Mean HR in beats per minute
(bpm), mean % SpO,, and mean T, were calculated
for the baseline and (potential) altitude phase. Also, a
weighted Tsx for each phase was calculated with
the  following  formula:  .28*T,eck +.28%Tocapuia
+.16*Thand + .28* Tshin (ISO 9886 2004). In addition, the
forearm-fingertip gradient (Ttgrearm—finger) Was calcu-
lated, which is the difference between the skin tem-
perature on the forearm and fingertip.

For each condition, a delta cognitive performance
score was calculated. This is the performance score on
each cognitive task during the (potential) altitude
phase minus performance score during baseline
assessment on the same test day. Statistical analyses
were performed using Statistical Package for the
Social Sciences (SPSS 25.0.0) software. All delta cogni-
tive performance scores, physiological- and subjective
measures were analysed using Linear Mixed Models.
This type of data analysis was selected to account for
the nested data structure and the dependency of the
repeated observations within an individual during the
four test days. Delta cognitive performance scores,
physiological- and subjective measures were used as
the dependent variables in the linear mixed model
analysis, and heat load and hypobaric hypoxia were
used as fixed factors. Results are all reported with a
significance level of .05.

2.4. Procedures

After online registration for this study, participants
received a medical questionnaire that they had to
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Figure 1. Overview of the four experimental conditions. Ascending from 0 to 13,000ft in hypobaric hypoxia conditions took
13 min (1,000 ft per minute). In this figure, the ambient temperature (T,) is an estimated value.

send to the medical doctor. Participants were
approved or rejected based on the answers on this
medical questionnaire. Upon approval, participants
were invited for a screening- and training visit. This
visit started with a presentation about the aim and
consequences of the study. If the participant agreed
to participate in the study, he or she signed the
informed consent. After signing, a physical examin-
ation, an ECG, pregnancy test, and drug test were
done by medical personnel. Next, participants received
a training session with the computer tasks. This train-
ing session consisted of three times a 5-min practice
session of the VigTrack. The individual subtasks of
both the SYNWIN and the MATB-II were explained one

by one and practiced separately for about 10 min.
Afterwards, participants practiced both the SYNWIN
and the MATB-II three times for 10 min as multitasks,
i.e. all four subtasks of both the SYNWIN and the
MATB-II at the same time. In case participants did not
achieved a composite score of 1000 or higher on the
SYNWIN, the participants had to repeat the 10-min
practice session.

There were no more than 14 days between screen-
ing- and training visit and the first test day. All four
separate test day took about three and a half hours
and at least a seven-day washout between test days
was held. To avoid confounding circadian influences,
participants started a test day at the same hour of the
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Figure 2. Timeline of the protocol. SpO,: oxygen saturation; HR: heart rate; Tsx: mean skin temperature; T core temperature.

Gradient indicates potential ambient temperature.

day in the morning or afternoon. Due to practical rea-
sons, four participants were unable to visit all four test
days at the same hour of the day.

During conditions without hypobaric hypoxia, at
least two experiment leaders were present. In the
other conditions with hypobaric hypoxia at least two
experiment leaders and one certified physiological
training officer were present. The hypobaric chamber
was controlled by this trained operator. Also, a med-
ical doctor was available during all conditions, except
for the no stressors condition.

The participants were instructed to follow a hydra-
tion protocol at home to arrive properly hydrated at
the test location for each test day. This protocol
included (1) no exercise 24 h before arrival, (2) drink
~5-7mL-kg”" body weight water 4h before arrival,
and (3) drink another ~3-5mL-kg~' body weight
water when urine is still dark 2h before arrival. It is
also important that participants ate their breakfast or
lunch at home (depending on a morning or afternoon
test day). Hypobaric conditions can lead to an expan-
sion of the stomach, which can feel slightly unpleasant
when the stomach is empty.

In Figure 2, the timeline of the protocol during
each test day is shown. Upon arrival, the participants
received instructions about the test day. At the start
of each test day, female participants had to do a preg-
nancy test, and both male and female participants
also had to do a drug test. This was followed by
ingesting the capsule with some water for core tem-
perature monitoring. Next, a familiarisation session
with the computer tasks was conducted, consisting of
three times a 5min session of the VigTrack, MATB-II,
and SYNWIN. Afterwards, the sensors for the SpO,, HR,

and skin temperature were attached. Before putting
on the Nomex flight suit, vests, and helmet, the par-
ticipant was allowed to go to the toilet for the last
time. These activities together are called the compli-
ance part of the study (see Figure 2).

The baseline assessment (starting at T=—90) con-
sisted of the cognitive assessment and subjective
questionnaires. The order of the tasks was counterbal-
anced. Participants had to wear a headphone because
some tests consisted of an auditory task and to pre-
vent distraction. During the (potential) pre-heating
phase (from T=-60 to T=0), the participants were
just sitting in the (heated, or not heated) environment
while watching an episode of Planet Earth. The experi-
mental leader checked the core temperature every
10 min. During the (potential) altitude phase (starting
at T=15) the same assessments were conducted as
the assessment during baseline (starting at T=—90).

Stop criteria were determined by a medical doctor
aiming to avoid medical complications. The main stop
criteria comprised of T¢ exceeding 38.5°C, SpO, indi-
cating a value of <65%, and complaints of the partici-
pant about dizziness, headache, hyperventilation,
nausea, etc. The experiment was designed to minimise
physical contact and proximity between the partici-
pants and the experimental leaders, taking into con-
sideration COVID-19 regulations.

3. Results

A total of 15 participants completed the whole study.
Due to the COVID-19 measures, nine of the 15 partici-
pants in this study participated in November 2020,
and the other six participants in November 2021. One
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Table 2. Descriptives (mean + SD) for each measure in each of the four conditions.

No stressors Heat load Hypobaric hypoxia ~ Heat load + hypobaric hypoxia

SYNWIN

Composite score 130+£120.17  —69.14+£171.19 —7.93+£183.19 —69.77 £207.96

Memory task score 4+30 —20+43 —7+28 1+£40

Arithmetic task score 72+81 —35+65 —14£125 —80+90

Arithmetic task: reaction time for correct responses —1.91+2.50 —47+2.68 —.05+2.53 .83+£1.30

Arithmetic task: number of errors —.53+2.88 1.57+£1.99 .87+£5.36 242+243

Fuel task score 16+ 37 —14£115 16+128 —21+82

Auditory task score 38+50 0£65 —3+60 3055
VigTrack

Tracking error —28.33+£129.6 51.92+112.94 —6.36 £213.54 99.15+151.82

% Stimuli missed .03£3.55 .87 +£3.87 —.30+553 533+£7.39

Reaction time (ms) 1.78+31.52 4.61+56.28 11.86 +39.46 22.81+53.45
MATB-II

% Stimuli missed—system monitoring task 1.12+6.49 —39+6.19 —2.02+485 —3.10+£4.76

Reaction time (s)—system monitoring task —.09 + .35 .06 + .34 —.12 + 51 .18 + .60

RMS tracking error—tracking task —1.07£391 29561 .66 +4.89 1.50+6.26

% Correct—radio communications task 31+£7.70 .87£8.20 71+£8.03 —.56+9.93

Mean absolute deviation—resource management task —4.14+48.88 .93 +88.98 —45.15+123.20 33.64 +109.25
PVT as secondary task

During SYNWIN—reaction time (s) 1.60 + .55 1.70 £ .55 1.63 £ .51 1.96 + .63

During MATB-ll—reaction time (s) 156 £ 41 152 £ 42 145 = 37 1.64 = 46
Physiological measures

HR 65.71+7.56 78.2+11.51 76.85+7.75 82.65+9.67

% SpO, 96.93 +£2.08 96.81+1.91 83.46 +£2.87 84.4+4.07

Tsk 3343+ .51 35.87+.53 33.56+.70 3531%.60

Tc 36.93£.27 3717 + 34 36.97 .28 36.98 +.37

MBT 35.67 +.31 36.45+1.10 3574+ .31 36.38 = .44

TFOREARM-FINGER 3.11+2.96 39+1.15 4.11+3.63 68+2.14
Questionnaire

Thermal sensation 20+.56 2.93+.88 93+1.10 2.33+.82

Thermal discomfort 67 £.52 2.33+£1.03 1.83+.75 21775
participant received oxygen during the combined heat 3.1.1. SYNWIN

load + hypobaric hypoxia condition because of com-
plaints about nausea. Another participant received
oxygen during both hypobaric hypoxia and combined
heat load + hypobaric hypoxia conditions because of
complaints about headache and dizziness. Therefore,
missing data on cognitive performance and physio-
logical measures exist for these two participants and
were excluded from the dataset. Besides this, the ther-
mal discomfort scale has only been filled in by the six
participants of the second batch of participants.

For each measure, the means (M) with standard
deviations (SD) in each of the four conditions are
listed in Table 2. Besides this, an overview of the sig-
nificant and non-significant results of the univariate
multilevel analysis adjusted for repeated measure-
ments within individuals are shown in Table 3.

3.1. Cognitive task performance

Significant main and/or interaction effects of heat load
and hypobaric hypoxia on cognitive task performance
measures are shown in Figure 3. In addition, Table 2
shows an overview of descriptives for each cognitive
performance measure. The next paragraphs describe
the results of the statistical analysis of these measures
(with M referring to mean and SE referring to standard
error).

The composite score was significantly affected by heat
load, with a lower increase of mean score in the pres-
ence of heat load (M= —69.46, SE=33.17) compared
to the absence of heat load (M=61.03, SE=31.44)
(see Figure 3(A)). Hypobaric hypoxia did not affect per-
formance on the SYNWIN. Also, the interaction term
for heat load and hypobaric hypoxia was not signifi-
cant. When analysing the individual tasks of the
SYNWIN in separate mixed models, the mean score on
the arithmetic task was significantly affected by heat
load, while a trend for number of errors was found.
Decreased mean scores (M= —57.50, SE=17.98) (see
Figure 3(B)) and increased number of errors (M =1.99,
SE=.687) (see Figure 3(C)) were found in the presence
of heat load compared to absence of heat load (scores:
M=29.00, SE=17.04, errors: M=.167, SE=.637).
Mean score and reaction time on the arithmetic task
was also affected by hypobaric hypoxia, with
decreased mean scores (M= —47.00, SE=17.69) (see
Figure 3(B)) and increased reaction time (M=.392,
SE=.456) (see Figure 3(D)) in the presence of hypo-
baric hypoxia compared to the absence (scores:
M=18.50, SE=17.34, reaction time: M=-1.187,
SE=.438). The interaction term for heat load and
hypobaric hypoxia was not significant for the arith-
metic task. Furthermore, the interaction term for heat
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Table 3. Overview of significant and non-significant results of heat load, hypobaric hypoxia and the interaction term using uni-
variate multilevel analysis adjusted for repeated measurements within individuals. Fs and degrees of freedom for the fixed effects
with corresponding p-values are shown. Grey highlighted statistic implies a significant result.

Heat load

Hypobaric hypoxia Heat load x hypobaric hypoxia

SYNWIN
Composite score
Memory task score

F (1, 39.65) =.96, p=.334

F(1,53)=230, p=.135
F (1,39.84) = 37, p= 544

F(1,53)=226,p=.139
F (1, 39.84) =3.38, p=.075

Arithmetic task score F(1,53)=1220, p=.001* F(1,53)=.69, p= 412
Arithmetic task: reaction time for correct responses F (1, 52) =3.35, p=.073 F (1, 52) =.20, p =.660
Arithmetic task: number of errors F (1, 52) =3.80, p =.056 F(1,52)=1.44, p=.236 F (1, 52)=.09, p=.768
Fuel task score F(1,53)=167, p=.202 F (1,53)=.02, p=.903 F (1,53)=.02, p=.901
Auditory task score F(1,53)=.02, p=.871 F(1,53)=.13,p=.722

VigTrack
Tracking error
% Stimuli missed
Reaction time
MATB-II
% Stimuli missed—system monitoring task
Reaction time—system monitoring task
RMS tracking error—tracking task
% Correct—radio communications task

F(1,51)=.31, p=.582

F (1, 40.09) = .921, p =343

F (1, 40.11) = .64, p=.429
F(1,53)=.03, p=.875

F (1, 39.98) =72, p= 400
F(1,51)=212, p=.152
F(1,51) =129, p=.261

F(1,41.18)=.17, p=.686
F(1,41.45)=1.14, p=.292
F (1, 53)=.05 p=.819

F (1, 38.49) = .09, p=.767
F (1,51) =2.85, p=.098
F(1,51)=.11, p=746

F (1, 40.09) = .02, p = 877
F (1, 40.04) = 42, p= 521
F (1, 40.11) = 036, p = .850
F(1,53)=.17, p=.684

Mean absolute deviation—resource
management task
PVT as secondary task
During SYNWIN—reaction time
During MATB-ll—reaction time
Physiological measures

' F0, 4119 = 4041, p= 001
% SpO, F (1, 41.41)= 41, p=.526

Tsk

Tc

MBT

7-FOREARM-FINGER
Questionnaire

Thermal sensation

Thermal discomfort

*p <.05, ¥*p <.001.

load and hypobaric hypoxia was significant for the
auditory monitoring task. However, pairwise compari-
sons were not significant (see Figure 3(E)).

3.1.2. VigTrack

Tracking error was significantly affected by heat load,
with a higher increase of tracking error in the presence
of heat load (M=75.60, SE=30.61) compared to the
absence of heat load (M=-17.17, SE=30.06) (see
Figure 3(F)). Tracking error was not affected by hypo-
baric hypoxia, neither by the interaction term for heat
load and hypobaric hypoxia. The same effects were
found in percentage stimuli missed. Percentage stimuli
missed was significantly affected by heat load, with a
higher increase of mean percentage stimuli missed in
the presence of heat load (M=3.10, SE=1.01) com-
pared to the absence of heat load (M =—.13, SE=.99)
(see Figure 3(G)). Percentage stimuli missed was not
affected by hypobaric hypoxia, neither by the inter-
action term for heat load and hypobaric hypoxia. With
regard to the reaction time, no effects of heat load,
hypobaric hypoxia, or the interaction term were
found.

F(1,53)=273, p=.104

F(1,36.87)=.77, p=.385

F (1, 53)=.03, p=.871 F(1,53)=211, p=.152

F (1, 37.99) =129, p = .263
F (1, 37.49) = .06, p = .807

F (1, 38.47) = .20, p = .655
F(1,37.49)=1.05 p=.313

F(1,41.41)=.69, p=.410

F (1, 38.89) =341, p=.072
F(1,42)=1.95 p=.170

F (1, 40.58) = .00, p = .986
F(1,42)=1.17, p=.286

F (1, 40.58) = .31, p=.583
F (1, 42) =36, p=.553

F (1, 42)=.09, p=.762
F (1, 15)=3.29, p=.090

3.1.3. MATB-II

Statistical analysis only showed an effect of heat load
on reaction time on the system monitoring task, with
a higher increase of reaction time in the presence of
heat load (M =.122, SE=.09) compared to absence of
heat load (M=—-.106, SE=.09) (see Figure 3(H)). In
addition, an effect of hypobaric hypoxia on percent-
age stimuli missed on the system monitoring task was
found, with a higher percentage decrease of stimuli
missed in the presence of hypobaric hypoxia
(M=-2.57, SE=1.18) compared to the absence of
hypobaric hypoxia (M =.37, SE=1.13) (see Figure 3(I)).
However, when looking critically at the small differen-
ces in reaction times and percentage stimuli missed,
these effects can be attributed to multiple testing. All
other non-significant results can be found in Table 3.

3.1.3.1. Secondary task performance. Reaction time
on the PVT, as secondary attention task during the
SYNWIN, was significantly affected by heat load, with
higher mean reaction times in the presence of heat
load (M=1.812, SE=.135) compared to the absence of
heat load (M =1.603, SE=.134). No effect of hypobaric
hypoxia was found, neither for the interaction term.
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Figure 3. Significant main and/or interaction effects of heat load and hypobaric hypoxia with mean composite (A), mean arith-
metic (B), and auditory score (E) on the SYNWIN, mean arithmetic error (C), and arithmetic reaction time (RT) (D) on the SYNWIN,
mean tracking error (F) and percentage stimuli missed (G) on the VigTrack, mean reaction time (RT) in seconds (H) and mean per-
centage stimuli missed (I) on the system monitoring task (SMT) of the MATB-II. Error bars are £1 SE (standard error).
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The results of heat load affecting reaction time on the
PVT are shown in Figure 4.

3.2. Physiological measures

Figure 5 shows the significant main and/or interaction
effects of heat load and hypobaric hypoxia on the
2.0

1.9

1.8

1.7

1.6

PVT - Mean A RT

1.5

1.4
No heat load Heat load

Figure 4. Significant effect of heat load on mean reaction
time (RT) on the PVT in milliseconds (s). Error bars are +1 SE
(standard error).
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physiological measures. In addition, Table 2 shows an
overview of descriptives for each physiological meas-
ure. The next paragraphs describe the results of the
statistical analysis of these measures.

3.2.1. HR

HR was significantly affected by heat load, with a
higher mean HR in the presence of heat load
(M =280.43, SE=2.17) compared to the absence of heat
load (M=71.28, SE=2.18). HR was also affected by
hypobaric hypoxia, with a higher mean HR in the pres-
ence of hypobaric hypoxia (M =79.75, SE=2.17) com-
pared to the absence of hypobaric hypoxia (M =71.96,
SE=2.18). In addition, the interaction term for heat
load and hypobaric hypoxia was significant (see Figure
5(A)). Pairwise comparisons showed that heat load
(when present) increased HR more in the absence of
hypobaric hypoxia.

3.2.2. % SpO,
% SpO, was not affected by heat load. Hypobaric hyp-
oxia significantly affected % SpO,, with a lower mean
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Figure 5. Significant main and/or interaction effects of heat load and hypobaric hypoxia with mean HR in beats per minute
(bpm) (A), percentage SpO, (B), mean skin temperature (Ts) (C), mean core temperature (T¢) (D), mean body temperature (MBT)
(E) and mean forearm-fingertip gradient (Trorearm-ringer) (F). Error bars are +1 SE (standard error).
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Figure 6. Significant effects of heat load and hypobaric hypoxia on subjective temperature sensation (A) and subjective thermal
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% SpO, in the presence of hypobaric hypoxia
(M =83.93, SE=.59) compared to the absence of hypo-
baric hypoxia (M=96.87, SE=.60) (see Figure 5(B)).
Furthermore, the interaction term for heat load and
hypobaric hypoxia was not significant.

3.2.3. Thermoregulatory responses

Tsk was significantly affected by heat load, with a
higher mean Tsx in the presence of heat load
(M=35.55, SE=.13) compared to the absence of heat
load (M=33.50, SE=.13). Tsx was not affected by
hypobaric hypoxia. However, the interaction term for
heat load and hypobaric hypoxia on Tsx was signifi-
cant, where the pairwise comparisons showed that
heat load (when present) increased Tsx more in the
absence of hypobaric hypoxia (see Figure 5(C)).

Tc was significantly affected by heat load, with a
higher mean T, in the presence of heat load
(M=37.08, SE=.07) compared to the absence of heat
load (M=36.95, SE=.07) (see Figure 5(D)). However,
the absolute increase of T- (mean difference =.13) can
be interpreted as negligible heat strain. Tc was not
affected by hypobaric hypoxia, while the interaction
term for heat load and hypobaric hypoxia was signifi-
cant. The latter implies that heat load (when present)
increased Tc more in the absence of hypobaric
hypoxia.

Additionally, MBT was significantly affected by heat
load, with a higher MBT in the presence of heat load
(M =36.40, SE=.13) compared to the absence of heat
load (M=35.71, SE=.13) (see Figure 5(E)). MBT was
not affected by hypobaric hypoxia, neither by the
interaction term of heat load and hypobaric hypoxia.
This absence of an interaction effect in MBT may indi-
cate that both heat load conditions (only heat load
and combined stressor condition) induced comparable
heat strain, despite the differences found in WBGT
measures during these conditions.

TrorearM-FINGER Was significantly affected by heat
load, with a lower mean Trorearm-FiINGer gradient in
the presence of heat load (M = .54, SE=.54) compared
to the absence of heat load (M =3.61, SE=.54) (see
Figure 5(F)). Trorearm-FiNnGeEr Was not affected by hypo-
baric hypoxia. The interaction term for heat load and
hypobaric hypoxia was also not significant.

3.3. Subjective ratings

The subjective thermal sensation was significantly
affected by heat load, with higher mean ratings in the
presence of heat load (M =2.63, SE=.16) compared to
the absence of heat load (M=.57, SE=.16). Thermal
sensation was not affected by hypobaric hypoxia,
while the interaction term for heat load and hypobaric
hypoxia was significant. The latter implies that heat
load (when present) increased the thermal sensation
rating more in the absence of hypobaric hypoxia (see
Figure 6).

Subjective thermal discomfort was also significantly
affected by heat load, with higher mean discomfort
ratings in the presence of heat load (M =2.25, SE=.26)
compared to the absence of heat load (M=1.25,
SE=.26). Thermal discomfort was not affected by
hypobaric hypoxia, while the interaction term for heat
load and hypobaric hypoxia was significant. Pairwise
comparisons showed that heat load (when present)
increased thermal discomfort more in the absence of
hypobaric hypoxia (see Figure 6).

In Table 4, the extent to which any possible hyp-
oxia symptoms occurred in each condition for each
phase are shown. Overall, participants rated the symp-
toms ‘heat’, ‘fatigue’, ‘dry mouth’, ‘yawning’, ‘sweating’,
and ‘headache’ to a lower extent in the hypobaric
hypoxia condition compared to the heat load and
combined heat load + hypobaric hypoxia conditions.
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Table 4. Median and range of reported hypoxia related symptoms on a scale from 0 (none) to 7 (extreme).

Heat load

Hypobaric hypoxia

Heat load + hypobaric hypoxia

Pre-altitude phase Post-altitude

Pre-altitude phase

Post-altitude Pre-altitude phase Post-altitude

Heat 5(2-7) 5 (1-6)

Fatigue 3 (0-6) 2 (0-5) 1(0
Dry mouth 1 (0-3) 1 (0-4) 0 (0
Yawning 1 (0-6) 1 (0-3) 0(0
Sweating 3 (0-5) 3 (0-6) 0 (0
Headache 1 (0-6) 1(0-7) 1(0

1(0-4) 4 (1-5) 4 (1-6)
2 (0-6) 2 (1-6) 2 (0-7)
1(0-2) 1(0-3) 1(0-3)
1 (0-5) 1 (0-4) 1 (0-6)
0(0-2) 2 (0-4) 2 (0-6)
1 (0-5) 1 (0-6) 1 (0-6)

4. Discussion

The results show that heat load caused a significant
cognitive performance decline on one of the multi-
tasks (SYNWIN, but not MATB-II) and on the vigilance
task (VigTrack). In contrast, hypobaric hypoxia did not
affect the performance on these tasks, except for the
arithmetic sub-task of the SYNWIN. The average per-
formance of the latter test significantly declined due
to heat load as well as hypobaric hypoxia, as reflected
by two main effects. The lack of a significant two-way
interaction suggests that the effects of both stressors
were additive, and not synergistic as we had
expected.

We collected physiological and subjective data to
measure the effectiveness of both stressors to affect
the participants’ physiological strain. The significant
decrease in blood oxygen saturation (83.9% compared
to 96.9% at sea level) confirms that the altitude of
13,000 ft induced mild hypobaric hypoxia. In heat load
conditions, we found that skin temperature increased,
as well as subjective ratings of heat load-related symp-
toms, i.e. temperature sensation and thermal discom-
fort. Contrary to our expectation, and model
calculation, the rise in body core temperature during
heat load was negligible. Apparently, the heat load in
our study can be considered as compensable (Foster
et al. 2020). A possible explanation is that the
increased vasodilatation and associated increase in
mean skin temperature and the sweat rate together
allowed for sufficient convective and evaporative heat
loss, preventing an increase in body core temperature.
These thermoregulatory processes could in theory
result in reduced cerebral blood flow, and thus
reduced supply of oxygen to the brain (Nelson et al.
2011). However, we have not measured cerebral blood
flow and we cannot make any conclusions about that
mechanism. Another possible explanation is that the
negative effects we found of heat load on cognitive
performance can be attributed to increased thermal
discomfort as indicated by the subjective ratings. This
is in line with Gaoua et al. (2012) who found that an
increased skin temperature impaired cognitive per-
formance, while body core temperature did not

increase. According to these authors, thermal discom-
fort can draw cognitive resources away from the tasks,
resulting in suboptimal task performance. Since the
effects of heat load were indeed associated with ther-
mal discomfort, the effects of heat load are not neces-
sarily caused through the same mechanism as those
of hypobaric hypoxia (i.e. reduced oxygen supply to
the brain). This could explain why we found an addi-
tive and no interaction effect of both stressors.

Hypobaric hypoxia did not result in the expected
performance decline on the majority of cognitive
tasks. In literature also contrasting results at these alti-
tude levels were found due to various factors, like the
specific cognitive functions required by the task, the
duration spent at altitude, and inter-individual differ-
ences (Martin et al. 2019; Petrassi et al. 2012). In our
study, hypobaric hypoxia only affected the arithmetic
sub-task of the SYNWIN, a task that continuously
draws on one’s working memory (Malle et al. 2013).
Besides a lower overall arithmetic performance score
caused by both stressors leading to a lower number
of correct responses, we observed that the partici-
pants responded slower in hypobaric hypoxia condi-
tions but made more errors in the heat load
conditions. These findings regarding hypobaric hyp-
oxia are in line with Beer et al. (2017), who also found
slower and less correct responses on the arithmetic
sub-task of the SYNWIN at altitudes of 18,000ft or
higher.

4.1. Sensitivity of the tasks

Except for the arithmetic sub-task of the SYNWIN, it is
possible that the other cognitive tasks may not have
been sensitive enough to detect performance decline
for the mild hypoxia induced in this study. A sugges-
tion would be to simulate higher altitudes to be able
to show clear effects on cognitive performance.
However, the operational relevance for helicopter air-
crew has to be considered at higher altitudes, as they
are not allowed to fly above 13,000ft for a longer
than 30 min. The lack of any observed effect of both
stressors on the MATB-II, suggests that this type of
task was not sensitive to the effects of the stressors. A
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two stressors (most left line) as function of increasing task load based on the results of the arithmetic subtask of the SYNWIN.

possibility is that this task is more challenging, which
may increase the participants’ motivation to perform.
Furthermore, the subtasks of the MATB-Il can be per-
formed more easily in succession, which makes it less
complex compared to the subtasks of the SYNWIN.
Moreover, the secondary attention task (PVT) in the
participants’ peripheral view during the MATB-II was
also unaffected, indicating that participants were able
to pay enough attention to both the primary and sec-
ondary tasks. Besides the sensitivity of the task itself,
another explanation is that the total number of partic-
ipants was not large enough to detect effects on the
MATB-II.

4.2. Theoretical model

In a previous study, Bottenheft et al. (2020) proposed
a theoretical model to describe the effect of a stressor
on cognitive task performance. The model assumes
that a stressor draws cognitive resources away from
the cognitive task so that one can no longer achieve
the maximum task load which can be achieved with-
out a stressor. This is illustrated by the leftward shift
of the performance curve in Figure 7. The general idea
is that, when task load increases, at some point the
task becomes too difficult to be performed at max-
imum (100%) level. When task load further increases,
the relative performance starts to decline, which
explains the drop at the right hand side of the per-
formance curve. In the presence of one (or two) stres-
sor(s) that draw cognitive resources away from the
task, the maximum task load that can be achieved
(the ‘threshold’) is expected to shift to lower task load
levels, indicated by the grey and black line,

respectively. Because we did not vary the load of the
task in this study, we cannot determine such a shift.
Instead, we measured performance decline at a fixed
task load, i.e. the arithmetic task, indicated by the ver-
tical dotted line. To validate the predicted stressor-
induced shift of the performance curve to lower task
load levels, future research could measure the effect
of a stressor on the cognitive performance as function
of task load. Besides this, it is important to note that
low performance due to an inattentive state at
extreme low task load (left side) is not shown in
Figure 7. The impact of a stressor can be different at
these lower task load levels, e.g. performance can
increase instead of decrease due to higher arousal
with a stressor (Bottenheft et al. 2020). Therefore, the
left side of the performance curve must also be taken
into account in future research.

4.3. Conclusions and implications

It is remarkable that cognitive task performance was
generally maintained during exposure to a combin-
ation of heat load and hypobaric hypoxia, despite the
high physiological strain and subjective discomfort.
Among the multitask test battery, only the arithmetic
subtask was sensitive to the effects of hypobaric hyp-
oxia, whereby hypobaric hypoxia caused a further per-
formance decline in addition to the decline caused by
heat load. This additive effect may be attributed to
independent mechanisms of thermal discomfort and
reduced oxygenated blood. Because the arithmetic
subtask depends continuously on one’s working mem-
ory, this result is interesting for pilot performance in
military operations, which, besides flying skills, involve
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various cognitive activities that appeal for the pilot's
working memory capacity.

Furthermore, this study showed that cognitive per-
formance significantly declines under heat load. Thus,
attention should be paid to the consequences of the
rise of temperature in the cockpit during flight prepa-
rations. However, the participants in our study were
not acclimatised to heat before the test days.
Acclimatisation to heat results in various changes in
physiological responses that can make it easier for the
body, and therefore probably also for the cognitive
state, to cope with warm climates. Therefore it is rea-
sonable to assume that the results obtained in this
study are not applicable to heat acclimatised people.
Nevertheless, it is possible that personnel acclimatised
to a hot climate can temporarily encounter even
higher temperatures. For example, during the pre-
takeoff check on the ground, the temperature inside a
helicopter cockpit can increase significantly above the
air temperature to which the aircrew has been accli-
matised. The results of our study apply to such
situations.
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